Abstract-We present a novel method of estimating gait altitude by using the acceleration and angular velocity data obtained from a single Inertial Measurement Unit (IMU) sensor. High-precision foot tracking and vertical positioning were achieved by using this method. The inherent drifts of IMU sensors, which may cause cumulative errors for position estimation, were reduced by using our algorithm. Firstly, a multitude-threshold detection method was used to determine the stance phase and swing phase in gait movement. Secondly, a zero-velocity update was performed in the stance phase to minimize the drift error when the single foot is stationary. Finally, in the swing phase, the motion direction was represented by quaternion, and the gait altitude was estimated using a method that combines a Complementary Filter (CF) algorithm and a Target-error Compensation algorithm. Experimental results show that this method can effectively reduce inherent drifts of wearable IMU sensors and ensure accurate estimation of gait altitude.
I. INTRODUCTION
Gait is a highly cyclical acting process of the human body. It contains large amounts of motion information, such as spatial posture, altitude, and pedestrian position. Gait analysis of human motions, such as walking on flat grounds and up and down stairs, is widely used in human body positioning, pedestrian navigation, medical rehabilitation, bipedal robots and etc. With the development of MEMS, small-size and lowcost IMU sensors such as accelerometers and gyroscopes have played a key role in the analysis of gait positioning. However, the inherent drifts of IMU sensors may cause lots of errors, which hinders the accurate estimation of vertical position required for various pedestrian navigation and positioning applications.
There are two conventional approaches to gait position estimation by using IMU sensors: Pedestrian Dead Reckoning (PDR) [1] and Inertial Navigation System (INS) [2] , [3] . With PDR, step counting and step length estimation are used to determine a pedestrian's position [4] - [6] . However, errors may occur due to disturbance, unsteady walking and incorrect step length calculation. With INS, the pedestrian position is estimated by using double integration of the acceleration signals [7] , [8] . In order to limit the growth of estimation errors, some researchers proposed methods to work with IMU sensors for error correction. Recent examples include Radio Frequency Identification (RFID) [9] , [10] , UWB (Ultra-wide Bandwidth) [11] , and pressure sensors [12] . Other researchers presented approaches that are only based on MEMS sensors, where the methods of Extended Kalman Filter (EKF) [13] - [15] , Unscented Kalman Filter (UKF) [16] , Zero Velocity Update (ZUPT) [17] , Heuristic Drift Reduction (HDR) [15] , and Zero Angular Rate Update (ZARU) [15] are used to reduce drift errors. However, these methods are mainly used in the position estimating in the horizontal direction. On the vertical direction, multi-sensor-based methods were developed to reduce the error of the estimated altitude. For example, the Denavit-Hartenberg (DH) method was built based on three sensor nodes worn on one lower limb [18] . But in most occasions, people prefer wearing fewer sensors on their body. So, the altitude estimation of the pedestrian based on one sensor node is still a problem.
In this paper, we present a method that uses one wearable IMU sensor to estimate gait altitude. High-precision estimates of gait altitude were obtained by utilizing the acceleration and angular rate data. By the combined use of Complementary Filter (CF) and Target-error Compensation (TC), the inherent drifts of the IMU sensor were sharply reduced to ensure accurate estimation of gait altitude II. METHOD
A. System overview and experimental scheme
Males averaging 21 years of age and 176 cm of height were selected as the subjects. They were in good health and had no movement disorders, as shown in Fig.1 (a) . The wearable IMU sensor was worn on the right calf of the subjects, where the IMU was consisted of a 3-D accelerometer, a gyroscope, and a 3-D magnetometer. The raw sensor data was recorded at a sampling frequency of 37 Hz and sent to the host via a WiFi model. The data was then preprocessed and used to detect the gait phase and estimate the gait altitude, as shown in Fig.1 (b) . The IMU sensor was initially calibrated at the beginning of the experiment, and the sensor coordinate system and the earth coordinate system were kept consistent. The raw data in the experiment was washed by removing the outliers. Sliding average filtering and median filtering were used to eliminate data noise.
B. Gait phase detection
There are four typical events in one normalized gait cycle: Heel-Strike (HS), Foot-Fat (FF), Heel-Off (HO), and Toe-Off (TO) [19] . As everyone has their unique gait pattern, the subjects provided slightly different proportions of events throughout the gait cycle. In this study, a gait cycle is divided into two phases: stance phase and swing phase. The stance phase lasts from HS to TO, accounting for approximately 60% of the gait cycle, as shown in Fig.2 . [20] - [22] . There are two common methods available for phase detection. One is the threshold detection method using a sliding window. The other is the multi-threshold detection method using a sliding window on which time constraints are applied. In this study, we chose the multi-threshold method, in which the vertical acceleration (zaxis) data of the IMU sensor was used to determine the gait phase. Using sliding variance, the constraint condition (1) was established to evaluate fluctuations of the measured data. Var A ) where Ai is vertical gait acceleration (z-axis) data, W the sliding window, and a1 the first detection threshold parameter. The larger the window size, the smoother the detection statistics. To better describe the fluctuations of the measured data, the W value should not be too large. After multiple tests and comparisons, we set W=3. a1 is sliding variance and determined by multiple experiments [19] . Equation (2) represents the time constraint that can help filter out wrong gait phases. 1 2
where T s i is the current stance phase, and T s i+1 is next stance phase. Usually, the wrong stance phase is less than the normal phase. Through multiple experiments, we let a2=0.75.
Only when the above two conditions are satisfied simultaneously can we consider the acceleration sequences a complete stance phase. The phase detection result of walking up stair is shown in Fig.3 . 
C. Eestimation of gait altitude
The gait altitude was estimated using the quadratic integral of vertical acceleration, as shown Equation (3). a(t), v(t), h(t) are defined as vertical acceleration, vertical velocity and height, respectively, at time t.
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However, the vertical acceleration of IMU is subject to drifts errors that result in cumulative errors. To address this problem, a gait altitude estimation algorithm was presented to correct the vertical acceleration of gait in the stance and swing phases, as shown in Fig.4 . Fig.4 Flow chart of the gait altitude estimation algorithm A zero-velocity update was performed in the stance phase to minimize the drift error when the single foot is stationary. In the swing phase, the three-dimensional motion direction is represented by quaternion s e q. The quaternions change as the orientation of the gait changes. The first-order differential equation was used to update the quaternion and to get the gait direction cosine matrix s e R. The acceleration in the swing phase was corrected using CF.
The accelerometer generated the acceleration data and the gyroscope generated the angular velocity data. The accelerometer data has better static characteristics but poorer dynamic characteristics than the gyroscope data, which is easily affected by high frequency noise. The gyroscope data measured in a short time is of high accuracy, but is still subject to zero drift and temperature drift that will, over time, lead to major errors. The accelerometer data has better low frequency characteristics but poorer high frequency characteristics than the gyroscope data.
Considering the above sensor data characteristics and to reduce the drifts of acceleration, several data fusion algorithms were presented, such as Kalman filters [19] [18], complementary filters [23] , and particle filters [24] . In this work, we used a CF algorithm that fuses the acceleration and angular velocity data to correct acceleration in the swing phase, as shown in Fig.5 . The angular velocity and acceleration data were fused using a CF algorithm, as shown Equation (4).
where e is defined as the error between the measured acceleration and the corrected acceleration, and the cumulative error is represented by ea. Parameters P=0.8 and I=0.008 were set in the CF algorithm. The corrected angular velocity is represented by wc and the angular velocity measured from the gyroscope is represented by wm.
III. EXPERIMENTAL RESULTS AND VALIDATION

A. Experiment
After obtaining accurate vertical acceleration and gait altitude data, we set the parameters P and I to estimate the gait altitude. The altitude data measured by a barometer was then used to verify the effectiveness and accuracy of the CF algorithm. The experiment only measured the walking of 5 steps by the single foot. The estimation of gait altitude during walking upstairs was shown in Fig.6 . Fig.6 Estimation of gait altitude during walking upstairs using CF A comparison was made among the estimated gait altitude, the barometer height and actual stairs height to evaluate the algorithm's accuracy. Although the CF algorithm still involves some errors under different P and I parameters, it produces a more accurate and effective gait altitude than the barometer. Finally, P=0.8 and I=0.008 were set for subsequent analysis.
B. Improvement
To eliminate the errors resulting from the CF algorithm, a Target-error Compensation (TC) algorithm was proposed. In this algorithm, the target altitude was defined as the height of each step. The experiment was conducted in an indoor staircase, where the height of each step was 0.144cm and the target altitude was 0.288cm. To further eliminate the estimation error, a CF-TC method was proposed, as shown in Equation (5) .
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The target altitude error is defined as Δh in the stance phase, where ht is the target altitude and h is the altitude estimated using CF. In the swing phase, TC was performed to make gait altitude reach the desired target altitude, as shown in Equation (6).
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The length of the swing phase is denoted by ts=nτ where τ is the sampling period and n is the total number of samples in the swing phase. hj is the altitude estimated after TC. hi is the altitude estimated using CF and i is the sampling point. Δh(i/n) represents the altitude compensated with each sampling, and j=i=1 n. Fig. 7 shows the gait altitude during walking upstairs estimated using the CF-TC method. Fig.7 The gait altitude during walking upstairs estimated using the CF-TC method vs. the barometer altitude and target altitude.
A comparison was made with the target altitude and barometer altitude to verify the effectiveness of the CF-TC algorithm. The altitude data measured by the barometer came with significant fluctuations and errors. Compared with the CF-only method, the CF-TC method introduced target altitude compensation that can effectively eliminate drift errors. During the experiment, the target height of each step was 0.288m. The experiment was conducted on all the 10 steps up stairs, including walking on the middle platform between step 5 and step 6. As shown in Fig.7 , gait altitude calculated using the CF-TC method is represented by a black curve. Gait altitude measured by the barometer-raw and the barometer-filter are represented by a grey curve and a blue curve, respectively. The actual target height of each step is represented by a black mark, which changes while a pedestrian walks upstairs from Ground to Stair 20. Obviously, the estimated results are closed to the actual target altitude and the barometer altitude, which means a high level of accuracy.
IV. CONCLUSION
In this work, we accurately estimated gait altitude of indoor human movement by using a single wearable IMU sensor. A sensor-fusion-based algorithm was employed to sharply reduce the drift error of the sensor. Using the acceleration data in the direction of gravity, we presented a multi-threshold detection algorithm to successfully detect the stance and swing gait phases. A zero-velocity update was performed in the stance phase to minimize drifts when the single foot is stationary, and a CF algorithm was used to reduce estimation errors in the swing phase. We finally proposed a CF-TC method which proves to be effective in minimizing drifts of the sensor and ensuring accurate altitude estimation. This gait altitude estimation method is projected to be used in a variety of applications including in indoor human positioning, human motion tracking, medical rehabilitation, and bipedal robots.
